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Photosynthetic O 2 production can be an important source of oxygen in sub-surface ocean waters especially in permanently stratified oligotrophic regions of the ocean where O 2 produced in deep chlorophyll maxima (DCM) is not likely to be outgassed. Today, permanently stratified regions extend across approximately 40% of the global ocean and their extent is expected to increase in a warmer ocean. Thus, predicting future ocean oxygen conditions requires a better understanding of the potential response of photosynthetic oxygen production to a warmer ocean. Based on our own and published observations of water column processes in oligotrophic regions, we develop a one-dimensional water column model describing photosynthetic oxygen production in the Sargasso Sea to quantify the importance of photosynthesis for the downward flux of O 2 and examine how it may be influenced in a warmer ocean. Photosynthesis is driven in the model by vertical mixing of nutrients (including eddy-induced mixing) and diazotrophy and is found to substantially increase the downward O 2 flux relative to physical-chemical processes alone. Warming (2°C) surface waters does not significantly change oxygen production at the DCM. Nor does a 15% increase in re-mineralization rate (assuming Q 10 = 2; 2°C warming) have significant effect on net sub-surface oxygen accumulation. However, changes in the relative production of particulate (POM) and dissolved organic material (DOM) generate relatively large changes in net sub-surface oxygen production. As POM/DOM production is a function of plankton community composition, this implies plankton biodiversity and food web structure may be important factors influencing O 2 production in a warmer ocean.
This article is part of the themed issue 'Ocean ventilation and deoxygenation in a warming world'.
Background
A large proportion (approx. 40%) [1] of the global ocean is more or less permanently stratified, which means that seasonal mixing processes are not sufficient to redistribute nutrients over the entire water column. This condition results in the surface ocean layer being permanently low in inorganic nutrients and such regions are, therefore, referred to as being oligotrophic. These oligotrophic regions occur at low latitudes and include the large sub-tropical gyres encountered in both the Atlantic and Pacific Oceans. Because surface waters in oligotrophic regions are characterized by low phytoplankton standing stock and low estimated rates of photosynthesis (low primary production (PP)), it is generally assumed that these low latitude regions represent the 'deserts' of the ocean. Several lines of evidence [2, 3] suggest, however, that these regions may be more productive than commonly assumed and that it is photosynthesis at the base of the euphotic zone, well below the immediate surface layer, that drives primary production here [4, 5] . As O 2 is a by-product of photosynthesis, such sub-surface production can be a potentially important mechanism for introducing O 2 to the water column in oligotrophic regions.
Indeed, one of the early studies [2] suggesting substantial (approx. 50 g C m −2 yr −1 ) new production 1 to be occurring in the oligotrophic Sargasso Sea was based on the observation of a sub-surface region of elevated O 2 concentrations that they argued must be of photosynthetic origin. Accumulation of O 2 in the lower part of the euphotic zone and formation of a shallow oxygen maximum (SOM) are recognized features in the North Atlantic [2] and Pacific subtropical gyres [8] . This is also evident from climatological fields of apparent oxygen utilization (AOU) where negative values, i.e. production of oxygen (the effect from subsurface heating cannot account for the large negative signal), cover a large area of the central Sargasso Sea (figure 1). More recent studies [3, 10] applying different methods to estimate export production have also suggested that substantial new photosynthetic production must be occurring in the water column in at least some permanently stratified oligotrophic regions. A conundrum here, however, is that direct measurements of photosynthetic/primary production rates based on 14 C uptake/nitrogen uptake in oligotrophic regions have generally failed to identify rates that could lead to the order of magnitude of O 2 accumulation observed and export estimates reported.
There are several potential explanations for the disagreement between direct measurements of photosynthetic rate and indirect estimates of seasonal new or export production rates in permanently stratified oligotrophic regions. Firstly, direct measurement of photosynthesis is made on small samples taken at discrete depths. Usually the depth/depths for determining photosynthesis rates are selected from surface waters and taken at fixed depths or levels of light penetration. Such sampling strategies do not necessarily include sampling at the depth of the deep chlorophyll maximum (DCM) which is consistently found in the deepest part of the euphotic zone, i.e. at depths below 100 m, in the Sargasso and other oligotrophic ocean areas.
Despite the fact that these DCM are found at the base of the euphotic zone and thus experience low ambient light intensities, there have been reports that photosynthesis at the DCM can contribute substantially to water column production in the Sargasso Sea [5, 11] . 15 an important source of the nitrogen supporting photosynthesis in the upper part of the water column here [4, 12, 13] . However, Fawcett et al. [5] found the majority of new production taking place in the water column in the Sargasso Sea to be taking place near the nutricline, i.e. in association with the DCM, and that it was not based on diazotrophy but, rather, on the inorganic nutrients found here. These findings suggest that many of the reported studies examining water column photosynthesis in oligotrophic regions can have failed to sample what may be the most important vertical feature of photosynthesis in the oligotrophic water column.
Another possible explanation for the disagreement between discrete measurements of photosynthetic rates and estimates of export production in oligotrophic regions is that new production at the base of the euphotic zone may be occurring episodically over relatively small areas at any given time. Evidence for this postulate comes from studies of eddies in the sub-tropical gyres [14] [15] [16] [17] indicating that vertical mixing associated with the passage of such eddies can potentially introduce a significant nutrient input from deep ocean waters to the lower regions of the euphotic zone. Richardson et al. [4] estimated vertical mixing between the nutricline and DCM along three transects in the Sargasso Sea and found a localized region with elevated vertical mixing in the depth ranges that potentially could transport nutrients from below the nutricline to the depth of the DCM. They estimated that nutrient delivery to the DCM here was an order of magnitude greater than outside of this localized mixing patch. Those authors also reported changes in plankton community responses consistent with relaxed nutrient limitation within this patch. Thus, in addition to much of the photosynthesis resulting in new production in the Sargasso Sea apparently occurring at the base of the euphotic zone, it may also be occurring in episodic 'bursts', making it even more difficult to directly detect.
Already today oligotrophic regions comprise a large proportion of the global ocean but their area is predicted to increase in response to global warming [1] . Thus, understanding primary production processes, i.e. the magnitude of new and export production and the role that photosynthesis may have in oxygenating the water column, as well as how these processes may be influenced in a warmer ocean becomes a priority when trying to predict future ocean conditions. The IPCC AR5 WGI [18] concluded (medium confidence) that ocean primary production may decrease in stratified areas at low and mid-latitudes in response to climate change. However, processes potentially leading to new production at the base of the euphotic zone as described above would not be resolved in the current coupled climate-ocean biogeochemical Earth system models employed by the IPCC. There is, therefore, a need to revisit primary production in oligotrophic regions and how it may respond to a warmer ocean.
To do so, we first carried out field studies in the Sargasso Sea examining the vertical distribution of photosynthesis. The Sargasso Sea is located in the North Atlantic sub-tropical gyres. Subtropical gyres are present in all ocean basins and driven by the large-scale wind field between the westerlies at mid-latitudes and trade winds in the tropics. Thus, the general hydrography of these gyres is similar in the Atlantic, Pacific, and Indian Oceans [19] . Therefore, we believe our results for the Sargasso Sea to potentially also be relevant to the understanding of factors controlling photosynthesis and primary production in other regions characterized by sub-tropical gyres.
On the basis of hypotheses created from these newly collected data together with those previously reported in the literature, we develop a one-dimensional water column model describing photosynthetic oxygen production in the Sargasso Sea. The model suggests that photosynthetic oxygen production makes a quantitatively important contribution to oxygenation of the water column here. Furthermore, and in contrast to the conclusions of the IPCC, the model suggests that photosynthesis and its associated contribution to oxygenation of the water column are unlikely to decrease in a warmer ocean unless there is a change in the relative ratio in the photosynthetic production of particulate/dissolved organic material.
Material and methods (a) Field programme
Conductivity, temperature and depth (CTD; Seabird SBE911 plus system with a SCUFA fluorometer) and underway CTD (UCTD) were carried out in the central Sargasso Sea in the period 16 March-5 April 2014 along four transects between 24.7 and 31.5°N along 68.50 (T1), 65.50 (T2), 62.50 (T3) and 62.75°W (T4) respectively, where standard CTD casts down to 400 m were made every approximately 50 km, and UCTD measurements were made between the CTD stations, also down to 400 m, with a horizontal spacing of approximately 7-11 km.
Water samples were taken at CTD stations from seven depths (10, 30, 60 , 100, DCM, 200 and 400 m) and analysed for nutrients, chlorophyll a and variable fluorescence. The rosette was held at each sampling depth for 2 min (5 min at 100 m) before closing the Niskin bottles. Measurements from transects T1 and T4 are compared below.
(b) Nutrients, chlorophyll a and variable fluorescence
Water samples from all depths were tapped from 10 l Niskin bottles and immediately frozen. The seawater was subsequently filtered (Millipore Millex-GP Hydrophilic PESO 0.22 mm) and analysed for dissolved inorganic nitrogen (DIN) compounds, i.e. nitrate, nitrite and ammonium, via wet chemistry methods in accordance with [20] , using a SanPlus System Scalar auto analyser at Aarhus University, Denmark. Water samples were also taken for salinity calibration (Portasal). Chlorophyll a measurements were made fluorometrically [21] following ethanol (96%) extraction of chlorophyll retained on a glass fibre filter (Whatman). These were used to calibrate CTD fluorescence (n = 133, r 2 = 0.82).
Variable fluorescence (F v /F m ) was measured using a FASTTRACKA fluorometer (Chelsea Instruments Group Ltd). A single turnover protocol with 30 sequences per acquisition, each including 100 saturation flashlets and 20 relaxation flashlets, was used. The sequence interval was set to 1000 ms. F v /F m was calculated from a saturation phase fit and a relaxation phase fit following [22] . Only measurements with a qualifying saturation phase and relaxation phase were included in the dataset. We have earlier shown [23] (c) One-dimensional water column model
The seasonal oxygen dynamics in the central Sargasso Sea were studied with a one-dimensional water column model. The model is based on the COHERENS model system [24] and extended with a one-dimensional vertical advection operator to include the influence of passing eddies and a biogeochemical component.
Previous biogeochemical studies from subtropical oligotrophic gyres have shown that weak diapycnal mixing is, in general, insufficient to supply the euphotic zone with nutrients to explain primary and export production. Mesoscale eddies [14] [15] [16] and fixing of atmospheric nitrogen by diazotrophs [12, 13] have on the other hand been suggested as potentially important processes for supplying the surface layer with nutrients. Observations of low 15 N-isotopic signatures in the particulate organic matter in the surface layer also suggest that N 2 fixation may be an important driver of planktonic food webs in the upper water column in the Sargasso Sea [4] . We explicitly include, therefore, both eddy mixing and diazotrophy in the model described below.
The water column model solves the vertically (z) time-dependent (t) one-dimensional transport equation for the various state variables (ϕ):
The vertical turbulent diffusion coefficient (k v ) is determined by a k−ε scheme (k v (k−ε)) and a background diffusion (k v (bg)) characterized by a constant of 1 × 10 −5 m 2 s −1 , in accordance with the general low background diapychnal mixing in the ocean interior [25] . The influence from mixing associated with passing mesoscale eddies (k v (eddy)) is added to the mixing scheme so the turbulent diffusion coefficient is the sum of:
In addition, the influence from mesoscale eddies is considered explicitly by extending the one-dimensional setup of the COHERENS model to solve the vertical advection-diffusion equation with a specified vertical velocity due to eddies (w eddy ). The influence from passing eddies was considered by specifying a periodic eddy passage from cyclonic (anticyclonic) eddies, corresponding to upwelling (downwelling) of isopycnals with a period between passages of 80 days, a passage interval of 20 days, a sinusoidal vertical displacement with a maximum at mid-depth (200 m) of 64 m and an eddy-associated mixing (k v (eddy)) related to the isopycnal heave rate (cf. appendix A). The parameters characterizing vertical velocities and isopycnal displacements were based on observed spatial fluctuations associated with mesoscale structures and eddy mixing was assumed to scale linearly with vertical velocity and to have a maximum value of 5 × 10 −4 m 2 s −1 at mid-depth. Such high vertical velocities and mixing rates have been associated with observed mesoscale frontal dynamics [4, 16] and model sensitivity to this parametrization is analysed below. The model is driven by meteorological forcing from the central Sargasso Sea in 2014 and simulates temperature and salinity, where temporal salinity variations in the upper 150 m are considered in a simple data-assimilation scheme. In this manner, the influence of salinity on stratification is taken into account. Figure 2 . Biogeochemical model. Nitrogen (N), phosphorus (P) and carbon (C) cycling considering uptake of nutrients (N, P) and atmospheric N 2 by two phytoplankton groups (P 1 and a group of diazotrophs, P 2 ), production of particulate organic nitrogen and phosphorus (PON, POP) and dissolved pools of DON, DOC and PON. All organic pools are re-mineralized to inorganic nutrients.
(d) Biogeochemical model
A simple biogeochemical model simulating oxygen production and consumption from primary production and re-mineralization, respectively (figure 2) was developed. The model was configured to simulate primary production and oxygen cycling for the area with a minimum of complexity. Primary production is regulated by the chlorophyll a concentration of phytoplankton, PAR, photosynthetic parameters characterizing the metabolic efficiency of the phytoplankton cells (i.e. maximum rate (normalized to chlorophyll) of light saturated photosynthesis, P B max , and the slope of the photosynthesis (normalized to chlorophyll) versus light curve, α B ) and the surrounding nutrient concentrations. The individual model components are described in detail in appendices A and B.
Results and discussion (a) Field studies
A DCM was observed on all transects (generally located between the 25.5 and 26.0 kg m −3 isopycnals) whereas low chlorophyll values were recorded towards the surface (figure 3a,c). The distribution of F v /F m exhibited a clear optimum in the DCM, implying that phytoplankton cells here had a higher capacity for electron transport in photosystem II than cells located higher in the water column. The average near-surface DIN values at 10 m depth along T1 and T4 of 0.52 ± 0.33 and 0.24 ± 0.21 µmol kg −1 , respectively, were slightly higher than deeper in the surface layer ( figure 3b,d ). This finding is consistent with a contribution from dinitrogen fixation by diazotrophs in near-surface waters. However, DIN was relatively low from the surface and down to 100 m. Average values at the depth of the DCM, located on both transects around 119 m, were approximately 0.6 and 0.4 µmol kg −1 on transects T1 and T4, respectively. The nutricline depth (DNO 3 , defined here as the depth where DIN = 1 µmol kg −1 ) was located at 140 m on both transects.
Despite the low ambient DIN concentrations recorded in and below the DCM, the higher F v /F m recorded in the DCM compared with depths above the DCM indicates that phytoplankton in the DCM are likely more nutrient replete than those found higher in the water column (figure 3a,c). This, in turn, suggests that phytoplankton in the DCM are gaining access to DIN from deeper in the water column. The isopycnal profiles for the upper 200 m on T1 and T4 suggest the possibility for vertical nutrient transport at depths relevant for nutrient delivery to the DCM on T1, e.g. associated with the isopycnal rise of more than 50 m at 150 depth seen at 27°N where a frontal zone between two mesoscale eddies was crossed (figure 3a). Marked horizontal heterogeneity was also noted in salinity in the 100-150 m depth range (not shown) on T1 at approximately 27°N, indicating significant lateral intrusions and sub-mesoscale mixing. Deep sub-mesoscale variability was identifiable due to the small horizontal distance between U/CTD stations. This same section of T1 coincided with a steep rise of isopycnals in the whole upper 400 m of the water column (see also 'steep isopycnal' labelled in figure 3a ). Similar surface frontal signatures (i.e. changes in sea-surface temperature (SST) and sea-surface salinity) on deep isopycnals were not seen on transect T4 (figure 3c). Thus, the results of the field studies carried out here are consistent with findings suggesting a contribution by diazotrophy to DIN in the immediate surface layer of the water column and the potential for vertical transport of nutrients from below the nutricline to the DCM.
The most novel feature in the results from these field studies is the finding that highest values for F v /F m (a proxy for electron transport in photosystem II) in the water column are found in association with the DCM. F v /F m is an indicator of the average physiological state of the photosynthetic system in the phytoplankton community. The higher the F v /F m , the better the physiological state but F v /F m can vary as a function of the species present [26] . Therefore, this ratio cannot be used as an absolute indicator of physiological state. Nevertheless, when values are greater than approximately 0.4, good photosynthetic physiological condition can generally be assumed. F v /F m can be reduced as a function of both photo-damage to the photosynthetic system (photoinhibition) and nutrient depletion [27, 28] . We have earlier shown [23] in this area at the time of this study were not experiencing photoinhibition at light intensities below approximately 200 µE m −2 s −1 . This means that low F v /F m recorded in samples taken from below approximately 50 m even at midday is most likely an indication of nutrient stress in the phytoplankton community.
That F v /F m values peak first at depths of around 100 m (figure 3) suggests that phytoplankton above these depths are nutrient stressed relative to the phytoplankton at the DCM and that phytoplankton in the DCM must have access to a nutrient source which is not available to the phytoplankton found in more shallow waters. In an earlier study [4] , we found a patchy distribution of F v /F m in the DCM, where elevated values were recorded in association with localized vertical mixing assumed to be delivering more nutrients to the DCM here than in surrounding waters. In this study, however, the F v /F m values were high at depths of approximately 100 m over the entire study area. This suggests that all DCM phytoplankton in the study area must recently have experienced nutrient enrichment. Our finding that the DCM phytoplankton appear to be in a better physiological condition and have greater access to nutrients than phytoplankton at other depths in the water column lends strong support to studies [4, 5] suggesting that photosynthesis at the base of the euphotic zone may be the major driver of new production in permanently stratified oligotrophic regions and calls for the development of a better understanding of PP in such regions.
(b) Model simulations of photosynthetic O 2 production in the Sargasso Sea
We explore relationships between the factors driving photosynthesis in the water column in the Sargasso Sea with the help of a one-dimensional water column model where the nitrogen necessary to drive photosynthesis is derived from either diazotrophy or processes leading to the transfer of nutrients from below the nutricline to the DCM. As model solutions when the model is run in its 'reference' state are in good agreement with known seasonal vertical distributions of temperature, nutrients, chlorophyll and oxygen in this area, we then use it to explore how water column changes induced by a warmer ocean might impact photosynthesis and oxygen production here.
(c) Reference case (i) Seasonal thermocline
The model simulation of temperature in the reference case shows the deepening of the winter mixed layer until the start of March and the subsequent formation of a seasonal thermocline in the upper approximately 50 m. This is also seen from the shallow isoline of the turbulent diffusion coefficient between May and August (figure 4). The mixed layer depth generated by the model is in general accordance with climatology [29] during the stratified period and in the autumn. The climatological mixed layer depth is, however, a little deeper in January (approx. 70 m) than the 50 m simulated by the model. This can possibly be explained by a relatively warm surface forcing in 2014 compared with the climatological mean for the area. The model solution of dataassimilated salinity is tightly coupled to the climatological salinity field and shows the presence of high-saline subtropical underwater between 50 and 150 m depth from May and during the most strongly stratified period. Thus, lateral advection also plays a significant role for transporting substances in the upper 200 m in the area. Only vertical transports are considered in the model, i.e. advection of nutrients from surrounding areas is not included. The simulated primary and oxygen production may, therefore, represent underestimates compared with actual conditions.
The model simulates three eddy passages during the year and although the immediate influence from eddies leads to an isopycnal heave of about 40 m at the 100 m depth level, these have only a relatively small influence on the long-term displacements of the isopycnals, i.e. no significant depth changes of the isotherms are seen after the last two passages. (ii) Primary production and the deep chlorophyll maxima
The simulated nitrate concentrations are relatively low in the upper 100 m during most of the year, whereas phosphorus concentrations first become depleted at the end of May (figure 5a). The model solution during early winter is sensitive to the initial conditions, i.e. the climatological fields, until the internal model dynamics redistribute the nutrients. However, it is interesting to note that phosphorus is in surplus compared with nitrate during most of the spring. The influence from the three cyclonic eddies causes a significant change in the nutrient distribution due to the relatively large vertical gradients above 100 m (i.e. isolines are shifted upwards after the eddy passages due to the relatively large vertical concentration gradients). The relatively high initial oxygen concentration in January is homogenized in the upper 100 m during February and March. Photosynthesis leads to the formation of a SOM between 50 and 100 m depth from early spring (figure 5b). The DCM is significantly influenced by passing eddies and is seen to be displaced upwards following eddy passages and strengthened due to increased production generated by the eddy-induced nutrient input to the euphotic layer. Primary production increases during spring to approximately 80 mg C m −2 d −1 in April but decreases later in the year as stratification increases except in periods experiencing passage of eddies, when PP can increase to more than 100 mg C m −2 d −1 (figure 6a). Correspondingly, integrated water column chlorophyll a content increases to approximately 20 mg Chl a m −2 during spring. Eddy passages also cause a transient increase in water column chlorophyll a content. The simulated levels of PP and chlorophyll a are in general accordance with our observations from the area in 2007 [4, 11] and 2014. Interestingly, the water column chlorophyll a content following eddy passages reaches its highest values later than the maximum in PP. This is due to growth of diazotrophs on the 'backside' of the eddies, where phosphorus has been introduced to the euphotic zone.
Photosynthetic production of oxygen remains relatively constant from spring to autumn. In total, 1.9 mol of O 2 is produced during the year (or approx. 0.22 mol N m −2 yr −1 in nitrogenequivalents). Previous estimates from other localities in the Sargasso Sea and in the North Pacific subtropical gyre find a larger net oxygen production. Jenkins & Goldman [2] estimate about 0.6 mol N m −2 yr −1 in the period from April to August at a location further north (32°N) and Stanley et al. [3] obtain a similar estimate for the annual production at the Bermuda Atlantic Time-series Study (31.6°N) . Thus, the model solution is significantly lower than these data-based estimates. This discrepancy could be explained by a significant advective transport of nutrients or labile organic material or a more efficient eddy transport of nutrients than applied in the reference simulation. About 40% of the annual PP in the model solution is due to N 2 fixation, which occurs mainly during the first half of the year where there is a phosphorus excess due to mixing in late winter.
A relatively large fraction of organic material either sinks out of the euphotic zone or is transported into the deep as dissolved organic material and the combined oxygen consumption from either re-mineralized material or the oxygen debt of organic matter below 120 m accounts for 78% of PP (figure 6b). Most of the oxygen debt is due to the build-up of a small pool of dissolved organic carbon (DOC) of about 1-2 mmol C m −3 centred around the DCM (not shown) and, at the end of the year, the total pool of DOC corresponds to an oxygen consumption when re-mineralized of approximately 0.1 mol O 2 m −2 . The high export promotes the formation of a SOM in accordance with observations ( figure 1 ). Other studies have also indicated a relatively large percentage of new production, i.e. high f -ratio in the North Atlantic subtropical gyre [2] . The model sensitivity to changes in the export ratio (i.e. the percentage of PP being exported, e-ratio) is analysed further below.
(iii) Deep chlorophyll maxima and eddy mixing
The dominant signals in the annual evolution of the phytoplankton biomass (chlorophyll a) occur in association with a deepening of the mixed layer during winter and passages of eddies during the more stratified period ( figure 7) . In early winter, nitrate is present in the upper surface layer. This leads to rapid growth of eukaryotic phytoplankton. The onset of a period of nitrate depletion at the end of January subsequently favours the development of diazotrophs and they then dominate the upper 50 m until the end of May when phosphate depletion results in more favourable conditions for phytoplankton growth to be located deeper in the water column. The eukaryotic phytoplankton form a DCM already at the end of March and the position of the DCM remains relatively deep during the rest of the year. Eddy passages result in an increase in eukaryotic phytoplankton as a result of the sudden surplus of nitrate higher in the water column and the corresponding decrease in both light and nutrient limitation on phytoplankton growth.
Diazotrophs dominate the upper part of the DCM where diffusive fluxes of phosphorus together with reduced light limitation provide a competitive advantage for these organisms. A model simulation without eddies shows that increased nutrient depletion during the season causes a gradual deepening of the DCM (figure 7b) and diazotrophs become less abundant in the autumn due to a lack of phosphorus. The maximum depth (approx. 125 m) of the DCM indicates that light limitation in the model is in general accordance with the observed maximum depth of the DCM ( figure 3) .
The role of nutrient limitation with respect to the position of the DCM in the water column was analysed further by comparing the reference case with a case where all organic material was either in particulate (δ DOM = 0) or dissolved form (δ DOM = 1). Increased nutrient depletion resulted in the DCM being located approximately 20 m deeper when all material was in particulate form whereas a more shallow and less well-defined DCM was established when all material went into DOM (figure 8). In this latter case, PP mainly took place in the upper 50 m of the water column and diazotrophs became more dominant owing to the competitive advantage from N 2 fixation and the relatively high phosphorus concentrations from recycled material. These results suggest that the presence of a deep DCM is related to a relatively large export of organic material.
(d) Sensitivity to ocean warming
The reference case was perturbed to consider potential effects from climate change on primary production and the oxygen budget ( increased re-mineralization of organic matter due to increased heterotrophic activity. Increasing the re-mineralization rates by 15% (i.e. corresponding to a temperature sensitivity Q 10 = 2 and a temperature increase of 2°C) leads only to a minor increase (1%) in PP and correspondingly small changes in the oxygen budget. The limited influence of increased re-mineralization on PP is due to the high f -ratio where only a minor fraction of organic material remains in the surface layer.
In a case where the SST was increased by approximately 2°C (i.e. the atmospheric temperature in the surface forcing was increased by 2°C), PP was reduced by less than 1%. The model case we generate here actually induces a much larger change in stratification than would be expected in a future warmer climate where increased temperatures also would have penetrated deep into the upper ocean. Thus, the model suggests that PP in the Sargasso Sea will not be sensitive to climate change induced modification of stratification. Observational studies from the northern Atlantic subtropical gyre also show a weak correlation between PP and inter-annual variation in stratification [30] .
The model solution does have a relatively high sensitivity to changes in the relative proportions of DOM and POM produced (table 1, exp. 4). If all organic matter is directed into the dissolved pool (δ DOM = 1) then the oxygen production increases by 75% and the e-ratio decreases to 6%, i.e. material is mainly transported deeper down due to advection and turbulent diffusion. Increased DOM relative to POM production caused by changes in planktonic food web structure has been suggested from mesocosm studies as a possible consequence of a warmer ocean [31] . Phytoplankton community structure has also been found to be sensitive to climate change in more complex ecosystem models [32] , Therefore, sensitivity of the model processes to an altered fraction of produced DOM (δ DOM ), i.e. from zero (i.e. only POM) to 100% (i.e. only DOM), was explored.
Oxygen production increases significantly when all material is recycled in dissolved form because the nutrient concentrations increase in the surface layer (figure 9a). However, both re-mineralization and the O 2 debt, in the form of accumulated organic matter not yet re-mineralized, also increase. Therefore, net oxygen production in the upper 120 m decreases from 1.3 to 0.1 mol O 2 m −2 yr −1 when the fraction of DOM production increases from zero to 100% (i.e. the difference between the solid and black dashed lines in figure 9a ). This also influences the oxygen flux deeper into the water column where the O 2 flux at 150 m is reduced from 0.30 to 0.18 mol m −2 yr −1 when δ DOM changes from zero to one (figure 9b). Thus, an increased DOM production would tend to decrease the downward oxygen flux out of the euphotic zone by up to 40%. An increased DOM production would also tend to decrease the e-ratio (ranging from 93% to (e) Role of photosynthesis in water column oxygen flux
The roles of photosynthesis and mixing by eddies in oxygenation of the water column were analysed in three cases characterized by (I) no eddies, (II) anticyclonic eddies (lifting isopycnals) and (III) cyclonic eddies (deepening isopycnals) combined with different scenarios of biological production (table 2). In the simplest case, there were no eddies and no biological production. Here, the downward oxygen flux at 150 m was relatively low (0.04 mol O 2 m −2 yr −1 ) and controlled only by the background turbulent diffusion. In this case, the oxygen flux was primarily regulated by the general oxygen difference between the surface and deep ocean. Eddy mixing will tend to mix oxygen more efficiently. This can be demonstrated by removing biological production from the model and comparing the O 2 flux with and without eddies (table 2) .
Increased oxygen in the SOM resulting from photosynthesis leads to a significant increase in the downward oxygen transport. In the case of mixing by cyclonic eddies, an overall increase of 56% in the downward oxygen flux at a depth of 150 m is found due to biologically produced oxygen. This effect is even more pronounced (i.e. an increase of 64%) when the reference case is modified to represent downwelling anticyclonic eddies because oxygen is now more efficiently transported deeper into the water column. In a case where organic matter is produced solely as DOM, the oxygen flux decreases because less oxygen is accumulated in the surface layer, i.e. the SOM is absent when there is no significant export. These scenarios indicate that sub-surface photosynthetic oxygen production, in combination with relatively large eddy-induced vertical mixing, has the potential to significantly influence the downward oxygen transport in the area. The simulated oxygen flux at 150 m of about 0.3 mol O 2 m −2 yr −1 corresponds to about 1% of the total oxygen content in the upper 150 m. Although this is a minor flux compared with the ventilation of deep water masses at higher latitudes, it does suggest that photosynthesis at the base of the euphotic zone in the ocean's large subtropical gyres may contribute with significant amounts of oxygen to deeper ocean layers in these oligotrophic regions.
Conclusion
This study suggests that photosynthesis may be making a quantitatively important contribution to oxygenation of the water column in at least some of the permanently stratified oligotrophic regions of the global ocean. We are not aware of other studies in which the potential of photosynthesis in the water column O 2 flux has been considered. It is, however, generally assumed that the majority of water column photosynthesis takes place so close to the surface that upper ocean mixing processes in combination with ocean-atmosphere O 2 flux will prevent the retention of biologically produced O 2 in the ocean. The recognition deriving from empirical studies that significant new production may be taking place below the immediate surface layer, i.e. at the base of the euphotic zone, in some permanently stratified oligotrophic regions challenges this assumption. Indeed, the model study presented here not only suggests that subsurface primary production makes a contribution to the ocean O 2 flux but also may account for substantial export production in these regions.
It is often argued [33] [34] [35] that ocean warming resulting from climate change will lead to a decrease in PP owing to more intense thermal stratification. In many coupled ocean-atmosphere Earth system models, this decrease in PP is assumed to lead to a reduction in export production and a resulting weakening of the ocean carbon sink [18] . The current study suggests, however, that the warming of the surface ocean layer will likely not lead to significant changes in the PP occurring in the Sargasso Sea. On the other hand, the study identifies eddy mixing as an important factor in the control of magnitude of photosynthesis here. One could envision that climate change might influence the intensity of eddies and/or the frequency of their passage but the direction of these possible changes has not yet been identified. We suggest, nevertheless, that eddy behaviour may be a more likely candidate than changes in stratification for influencing PP, and therefore export production, in a warmer ocean in regions encompassed by the sub-tropical gyres.
Finally, this study suggests that the magnitudes of both the O 2 flux and export production occurring in the Sargasso Sea are highly sensitive to the relative proportion of particulate and organic material produced by photosynthesis. As this will in large part be a function of the planktonic food web structure and the species present in the community, this implies any changes that a warmer ocean may have on plankton biodiversity and the relative ratio of heterotrophic to autotrophic processes can potentially have important implications for the O 2 flux and export production here.
Data accessibility. CTD data are stored at the ICES Data Centre (http://www.ices.dk). Authors' contributions. K.R. was responsible for the field studies and conducted the chemical/biological sampling.
The model is based on the COHERENS model system [24] and is configured for a vertical 400 m deep water column with 50 equidistant layers. Surface forcing fields in the centre of the Sargasso Sea (65°W, 27°N) are obtained from NCEP reanalysis of meteorological fields [36] of air temperature, wind, relative humidity and cloudiness with a time resolution of 6 h in 2014. The model is integrated over 1 year starting from 1 January 2014 with a time step of 20 min and it is initialized from monthly WOA05 climatologies of temperature [37] , nutrients, i.e. nitrate and phosphate [38] , and oxygen [9] . Salinity is also included [39] by relaxing the salinity field towards the monthly climatology with a relaxation time scale of 10 days [40] . Thus, vertical variation in salinity is included in the calculation of stratification and, although it is relatively small, the indirect influence on vertical mixing is thereby considered (e.g. the influence from the high-saline Subtropical Underwater).
In a one-dimensional set-up, the COHERENS model solves the diffusion equation with specified sinks and sources. The one-dimensional set-up of the COHERENS model was extended with an advection operator so that the influence from passing eddies could be simulated explicitly. The vertical advection-diffusion equation (equation (2.1)) was thereby solved for all state variables with a specified vertical velocity due to eddies (w eddy ). Boundary conditions at the surface are specified from turbulent diffusive heat fluxes for temperature, a wind-dependent air-sea gas exchange for oxygen and zero fluxes for other state variables, and a no flux condition at the bottom for all state variables.
(b) Advection and eddy mixing
The vertical advection operator is based on the piecewise parabolic method (PPM) with monotonization [41] . The PPM is a fourth order advection scheme and resolves sharp vertical gradients with a small numerical diffusion. James [42] studied the PPM in a one-dimensional example of the time-dependent advection equation where it was assumed that there were no horizontal gradients of the state variable when vertical divergence required replacement with ambient fluid. Although the solution of equation (2.1) by [42] due to diffusive transports and the various source terms, a similar assumption of no horizontal gradients is assumed in the model set-up applied here. Thus, vertical divergence causes inflow of surrounding water with similar concentrations. This is a reasonable first-order description of transports due to diverging isopycnals in the upper ocean, because, in general, relatively small isopycnal gradients are observed of the state variables considered here. However, when contributions from other terms are included, as diffusion and internal sinks/sources (equation (2.1) ), the replacement with ambient fluid implies a temporal change of concentrations, i.e. the concentration at a given level will change between the convergence and divergence of the isopycnal and, therefore, the solution will not be strictly mass conserving. Conservation of oxygen during an annual cycle in the model was analysed by accumulating air-sea exchange and total production and re-mineralization of O 2 and the relative difference (i.e. O 2 / O 2 , where the total amount of oxygen O 2 is approximately 85 mol in a 400 m water column) between a case with and without eddies of 5 × 10 −4 was less than in a case without eddies between the initial O 2 and the final concentration of 8 × 10 −4 . The difference between a case with eddies with and without biology was even less (2 × 10 −4 ). Therefore, we argue that mass conservation errors do not significantly affect the model solutions and oxygen fluxes discussed here.
The waiting time between passages of large mesoscale eddies in the Sargasso Sea is typically approximately 80 days or more and the propagation of the baroclinic Rossby waves is characterized by a westward velocity of approximately 4-5 km d −1 [43, 44] . This is considered in the model by specifying a vertical eddy velocity; w(z,t) = f (t) g(z). The time-dependence (f ) is then zero when time is less than τ wait (=80 days), i.e. the waiting time between two eddies, whereas the vertical eddy velocity is given by f (t) = w max sin(ω(t − τ wait )) during an eddy passage, where w max is the specified maximum vertical velocity. The period of the eddy is specified as ω = 2π /τ eddy , where the period of the eddy passage (τ eddy ) is assumed to be 20 days. If multiple eddy passages are considered, then the time is set to zero after the first eddy passage and the sequence is repeated. Initial upward displacements of isopycnals (i.e. cyclonic eddies) are considered in the reference case and the influence from downward displacements is considered in the sensitivity experiments. The vertical velocity structure of a mesoscale eddy is assumed to have a sinusoidal structure and to span the whole water column (i.e. D = 400 m) with a maximum at mid-depth g(z) = sin(π z/D) and zero velocity at the surface and at the bottom of the water column. This parametrization is motivated by observations showing baroclinic eddies penetrating to great depths [45, 46] . The maximum velocity (w max ) was specified to 10 m d −1 corresponding to an upward vertical displacement of 64 m at a depth of 200 m during the first 10 days (i.e. τ eddy /2), and in general accordance with isopycnal vertical displacements during passages of large mesoscale eddies [17] (figure 3a).
The potential influence from increased vertical mixing associated with eddy motion [16, 46] is considered by adding an additional term to the vertical diffusion coefficient given by k v (eddy) = k v (e max ) |w(z)|/w max and the reference value of k v (e max ) is assumed to be 5 × 10 −4 m 2 s −1 . This value is comparable to observed values of vertical mixing associated with mesoscale eddies in the Sargasso Sea [4, 16] .
The explicit eddy parametrization makes it possible to study the direct effects from vertical advection associated with passages of mesoscale eddies on the biogeochemical cycling of nutrients. For example, lifting of isopycnals at the bottom of the euphotic zone causes increased light for phytoplankton during the eddy passage and increased eddy mixing will also alter the nutrient distribution. Thus, the simple eddy parametrization includes the most important aspects, in a general and simplified manner, of eddy passages for cycling of nutrients and oxygen. 
)
and
State variables are given in units of nitrogen, carbon and oxygen and their molar production and re-mineralization ratios are, for simplicity, assumed to be equal and their ratios (η) between P : N : C : O 2 are defined as: 1 : 16 : 106 : 138 [47] . Phytoplankton biomasses (A 1 , A 2 ) are produced by primary production (PP i , i = 1,2) and lightlimited production (PP L ) is calculated according to [48] where chl(z) and PAR(z) are the vertical (z) distribution of chlorophyll a and available photosynthetic light, respectively. PAR is calculated from incoming solar radiation at the surface and both self-shading from phytoplankton and attenuation in the red and blue part of the light spectrum is considered explicitly according to [49] . Our previous primary production measurements in the central Sargasso Sea in spring 2007 (Galathea 3 expedition, G3) provided photosynthetic parameters from the surface (10 m depth, n = 33) and from the DCM (average depth 120 m, n = 16) [50] and model values were linearly interpolated between the average values at these two depth levels (table 3) . Vertical variation of η Chla : C has been found to be important for sustaining a DCM in numerical models of the Sargasso Sea [51] . Therefore, chlorophyll concentrations were obtained from phytoplankton biomasses and a vertically dependent chlorophyll a : carbon ratio (η Chla : C ). Riemann et al. [11] found a large vertical variation in the central Sargasso Sea (also from G3) and average values of η Chla : C from the stratified area south of 27°N ranged from 1/50 to 1/10 (in units of mg Chl (mg C) −1 ) at the surface (10 m) and DCM (approx. 120 m), respectively (table 3). Vertical variation of η Chla : C in the model was then accounted for by linearly interpolating these average values between the two depth levels and assuming constant values above 10 m and below 120 m.
Primary production for the first phytoplankton group (A 1 ) is also assumed to be limited by both phosphate (P) and nitrate (N) through a Monod equation: L ϕ = ϕ/(k ϕ + ϕ), ϕ = N or P. Thus, PP 1 = PP L 1 L P L N , where the half saturation constants are defined as k N = 0.01 mmol m −3 and k P = η P : N k N . The relatively low value of k N resulted in a close coupling between nutrients and biomass and resulted in a DCM in accordance with observations. The second phytoplankton group was assumed to represent diazotrophs and their N 2 -fixing ability made them only nutrient limited by phosphorus. However, nitrate assimilation was assumed to have a preference if nitrate concentrations were high and the PP 2 was, therefore, parametrized as: PP 2 = PP L 2 L P (1 − L N ), i.e. PP 2 was only dominant during nitrate-poor conditions.
Phytoplankton mortality rate (m) was defined by an e-folding time constant of 10 days and grazing was imposed on the two phytoplankton groups by a Holling-type III formulation:
.05 mmol N m −3 ) where the zooplankton biomass was assumed to be related with the phytoplankton biomass as: Z = (A 1 + A 2 ) γ , γ = 0.61 [52] .
Particulate (PON, POP) and dissolved (DON, DOP) fractions of nitrate and phosphate were produced from mortality and grazing, and the specified fraction from mortality (δ DOM ) and grazing (γ DOM ) divided the organic matter between the two pools (δ DOM = 0.2 and δ DOM = γ DOM ). Labile organic matter is assumed to be re-mineralized back into its inorganic compounds with a time scale of τ = 10 days [53, 54] and particulate matter is assumed to sink through the water column with a constant sinking velocity (w s = 50 m d −1 ).
Observations and model studies from the Sargasso Sea [55] have shown a relatively high re-mineralization ratio in the upper 250 m with η C : N ∼ 19, i.e. significantly higher than the Redfield ratio. Seasonal build-up of DOC [56] shows that 'less labile' organic carbon pools are re-mineralized on longer time scales. A semi-labile pool of DOC was, therefore, included with a longer re-mineralization time scale of 180 days. The dissolved organic nitrogen was divided between a labile (DON l ) and semi-labile (DON s ) pool by a fraction (λ); DON = λ DON + (1 − λ) DON = DON l + DON s , and the semi-labile pool was assumed to have a higher C : N ratio (η s ) than the labile pool (η l ). Production of DON results in a corresponding oxygen production determined by η O 2 : N , and this constrains the subsequent oxygen consumption during re-mineralization of DON, i.e. η O 2 : N DON = η l DON l + η s DON s , thus, the re-mineralization ratios of the two pools are related as: η s = (η O 2 : N − η l λ) /( 1 − λ) . We assume a small oxygen consumption of the labile pool given by η l = 2, corresponding to oxidation of ammonium to nitrate and, furthermore, we assume 60% of newly produced DON goes into the labile pool (λ = 0.6), and this results in a value of η s of 18.6 in accordance with observed values [27] . However, these parameters are not directly constrained by observations and the build-up of a semi-labile pool is, therefore, discussed further in the sensitivity analysis. The semi-labile pool is described in terms of DOC and DOC production is then determined by η s and a respiratory quotient of one. Oxygen (O 2 ) is produced by PP and consumed during re-mineralization of organic matter.
Sinking fluxes and the wind and solubility-dependent air-sea exchange of oxygen are updated separately whereas equations (B 1)-(B 10) are solved by a fourth-order Runge-Kutta algorithm with a biogeochemical time step of 300 s.
